Presence of 3d Quadrupole Moment in LaTiOs Studied by 47,49rpj jsjmR 
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47,49 NMR spectra of LaTiOa are reexamined and the orbital state of this compound is discussed. 
The NMR spectra of LaTiOa taken at 1.5 K under zero external field indicate a large nuclear 
quadrupole splitting. This splitting is ascribed to the presence of the rather large quadrupole 
moment of 3d electrons at Ti sites, suggesting that the orbital liquid model proposed for LaTiOs 
is inappropriate. The NMR spectra are well explained by the orbital ordering model expressed 
approximately as l/V^id^y + dy^ + d^^) originating from a crystal field effect. It is also shown that 
most of the orbital moment is quenched. 

PACS numbers: 75.30.-m, 75.50.Ee, 76.60.-k 



The orbital degree of freedom has become an impor- 
tant topic in the physics of strongly correlated electron 
systems 0. One of the recent topics is a quantum effect in 
the orbital ordering dominated by electron correlations. 
Especially, Mott insulators with t2g degenerated orbitals 
are prospective in this viewpoint, since the Jahn- Teller 
(JT) coupling for t2g orbitals is weaker than Cg states and 
the large degeneracy enhances the quantum effect. 

The RTiOa (Rirare earths) system is fascinating from 
the above viewpointi S H S 0. RTiOa has an 
orthorhombically distorted perovskite structure (space 
group: Pbnm), in which the electronic configuration of 
a Ti'^+ ion is t2g^. While several studies have reported 
that YTiOs takes an orbital orderiiig state from both ex- 
perimental and theoretical aspects jj, 0, IS Iiol- J ll l - 
the orbital state in LaTiOs is now under controversy 00, 
0,0,0. LaTiOs undergoes G-type antiferromagnetic 
ordering below Tn ~ 150 K with the reduced ordered 
moment of 0.46 /isfisll. The question is what interaction 
lifts the degeneracy of threefold t2g orbitals in the ground 
state. The octahedra of TiOe in LaTiOs exhibit small 
distortions. One would expect, at first sight, quadru- 
ply degenerated single-ion ground states represented by 
fictitious angular momentum j= 3/2 due to spin-orbit 
(SO) interaction, which have unquenched orbital mo- 
ment. This scenario is consistent with the observed re- 
duced magnetic moment. However, Keimer et al. sug- 
gested that the SO interaction is not dominantly working 
in this system from the isotropic spin wave dispersion 
Under these circumstances, a picture of strongly fluctuat- 
ing orbital states was proposed [3, 01; followed by a refined 
calculation on the orbital excitations jj!]. On the other 
hand, Mochizuki and Imada have successfully explained 
the physical properties of LaTiOa by an orbital state 



expressed approximately as l/y/i{dx 



Subsequently, corresponding distortions of the TiOe oc- 
tahedra have been reported from detailed structural 
data[ilEi- 

In this paper, we report the results of analyses on NMR 
measurements for LaTiOs. The NMR spectra show that 
the quadrupole moment of a 3c? electron in LaTiOs is 



rather large and unfavorable for the orbital liquid model, 
while the spectra are well explained by the l/\/?i{dxy + 
dyz + dza:)-like orbital ordering state with appropriate 
parameters. 

Experimental procedures are mentioned in Ref.lO. It is 
known that the magnetic properties are particularly sen- 
sitive to the oxygen content 5 in LaTiOs+ajQ]. We used 
powdered samples with the Necl temperature Tn ~ 147 
K ((5 ^ 0.0) for NMR measurements. Frequency-swept 
NMR spectra of LaTiOs were taken point by point of 
frequency by using a super-heterodyne coherent pulsed 
spectrometer at 1.5 K in the antiferromagnetically or- 
dered state under zero external field. As for the prop- 
erties of ^^Ti and "^^Ti nuclei, the nuclear spin "^^J = | 
and ^'^I = |, the quadrupole moment ^"^Q = 0.29x10^^** 
and ^'^Q — 0.24x10"^^^ cm^, and the gyromagnetic ra- 
tio ^^7Ar/27r = 2.4000 and ^'^7Ar/27r = 2.4005 MHz/T are 
used in this paper [lij. 

Figure 1 shows the frequency-swept 4'^>49Ti NMR spec- 
tra in the antiferromagnetically ordered state of LaTiOs, 
which were previously reported in Ref.lO. These spec- 
tra are consistent with the data in Ref.l7. Each peak 
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FIG. 1: *^'49Ti NMR spectra under zero external field at 
1.5 K in the antiferromagnetic state of LaTiO.^[inl|. Solid cir- 
cles represent experimental data, and solid and dashed arrows 
represent the calculated resonance positions for ^^Ti and ^'^Ti 
nuclei, respectively. 
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of the spectra is assigned for ''^^Ti and ^^Ti nuclei as 
shown by the arrows in Fig. 1. The attribution of the 
peaks to the ^^Ti and ^^Ti nuclei is the same as previ- 
ous reports|00|, although the parameters such as the 
quadrupole frequency vq and the asymmetry parameter 
of the electric field gradient (EFG) rj are not unique to 
reproduce the spectra. 

The NMR spectrum of Ti nuclei is determined by the 
hyperfine interaction. The hyperfine interaction Ti. in the 
3d^ transition metal ion is expressed as|l8| 

n = Timag + n.i ^ -iNhW ■ I + ''^!(2T^i) ' W 
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where Timag represents the magnetic hyperfine interac- 
tion, Tioi the electric hyperfine interaction, 7Y°" the elec- 
tric hyperfine interaction with on-site d electrons, Ti™* 
the electric hyperfine interaction with outside ions, 
the effective internal magnetic field, the effective 
electric field gradient (EFG) tensor, h the Planck's con- 
stant, jjLB the Bohr magneton, (r~^)niag and {r~^)c\ the 
expectation values of r^^ for the Ti id electron, k a 
parameter for the Fermi contact interaction due to a 
core-polarization effect, 700 the Sternheimer antishicld- 
ing factor, S the spin, L the orbital momentum, I the 
nuclear spin operator, q the electron quadrupole mo- 
ment tensor of which the components are defined as 
qap = ^{LaLp + LpLa) - SapL^ («, (3^x, y and z), 
\/°"* the EFG tensor by the outside ions, and V°f the 
components of the EFG tensor, respectively. 

While Hmag generates a single resonance peak for each 
of ''^Ti and ''^Ti, the EFG at Ti nuclei sphts the spec- 
trum to 2/ resonance peaks through Hci in the case of 
Hoi < Hniag- As seen in Fig. 1, the NMR spectra of -^^Ti 
are split to seven peaks with almost the same frequency 
interval of '--^ 1.6 MHz, indicating Hci <C Ti-mag- Since the 
EFG tensor \/°^ is symmetric tensor, can be diag- 
onalized by an appropriate rotation of the coordination 
system. Now we take the x'y'z'-coordination system to 



diagonalize \/° , and refer to the maximum value of the 
diagonal components as V°,^, . The quadrupole frequency 
vq is defined using V^,^, as 



2/i/(2/- 1) 



(6) 



i^Q increases with the deviation from cubic symmetry for 
EFG around the nuclei {vq^ V°,^,=V^^,=V^^,=0 in cu- 
bic symmetry because the trace of V°*^ is 0). The split- 
ting frequency Av is expressed by the first order per- 
turbation theory of Tid, for example, in the case of the 
axially symmetric EFG, as 



3 cos2 0-1 
= ^ I'Q < Wq\ 



(7) 



where 9 represents the angle between the z'-axis and 
H"^ . The inequality Av < {vqI is valid in general for 
Hci ^ Hmag- Therefore, since the present NMR spectra 
show *^Ai/ is about 1.6 MHz, 
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> 1.6 MHz. 



(8) 



As mentioned above, i^q reflects the distortion of the 
EFG, i.e., the charge distribution. The EFG at Ti nu- 
clei is contributed from the on-site 3d electron and the 
outside 0^~, La^+ and Ti'^^ ions. Generally, it is very 
difficult to estimate the contribution of outside ions to 
the EFG quantitatively, because the EFG from the out- 
side ions is largely enhanced by core electrons (the Stern- 
heimer antishielding factor 700 corresponds to this effect). 
However, we could naively expect that the EFG originat- 
ing from outside ions is small, since the distortion of TiOg 
octahedra is small in LaTiOa. 

The above value of I^'^^j^qI is much larger than those of 
ATiOa compounds with Ti^+{M°), in which the EFG 
is determined only by the contribution of the outside 
ions It is reported that the value of '^^i'q is 

1.1 MHz for MgTiOa, in which both of the crystalline 
and TiOfi distortions are much larger than those in 
LaTiOs 19]. Padro et al. systematically and quanti- 
tatively investigated the relationship between the EFG 
and the structural parameters for ATiOs compounds . 
They found that the shear strain of TiOg octahedra well 
correlates with the EFG magnitude. In accordance with 
their argument, we derived the shear strain \^>\ of LaTiOs 
as 0.27 using the structural data at 8 K in Ref.13. From 
this value of |^| we estimate the value oi'^^vq contributed 
by the outside ions as ~0.15 MHz at 8 K. Even if we 
consider the diffference of the valence of ions between 
La^+Ti^+Og and A^+Ti^+Oa, it is difficult to ascribe the 
origin of the large vq value in LaTiOs to the outside ions. 
Therefore, the main contribution to the EFG at Ti nuclei 
should come from the on-site 3d electron. So, we treat 
only 7i°j" as the electric hyperfine interaction hereafter. 

The conclusion mentioned above means that the shape 
of 3d orbital is deformed from cubic symmetry. The 
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FIG. 2: Simulated and experimental ^''^'^^Ti NMR spectra 
of LaTiOa . Solid circles represent experimental spectra, and 
solid lines represent the resonance spectra calculated for the 
-like orbital ordering state. 



quadrupole frequency vq is associated with the electron 
quadrupole moment q. We define q^'z' as the maximum 
value of the principal-axes components for q. We also 
introduce rgi defined as r^x = ('r~'^)ei/(''~'^)Fi) in which 
{r~^)-pi represents the r^^ expectation value of the 2>d 
electron calculated for a free Ti^+ ion, 2.552 a.u.^^. We 
could expect rd < 1 due to the hybridization with oxy- 
gen 2p states. Using Eqs. (4), (6), and (8), the following 
inequality is obtained for qz'z' '■ 
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The value of \qz'z'\ takes 6 at the maximum for 
states, which is the case with the d^^y-type {qz'z' = 6) and 
d3z2_r2-type {qz'z' = —6) orbitals. The mixing among 
those orbitals reduces |q^'z'|- Eq. (10) shows that the 
magnitude of the electron quadrupole moment \qz'z'\ in 
LaTiOs is at least 1.62/6 ~ 27 % of those for d^y-type or 
d3z2_r2-type orbitals. This result seems to be inconsis- 
tent with the proposed orbital liquid models 0,0], since it 
is supposed to give a cubicly symmetric charge distribu- 
tion for 3d electrons and very small qz'z' ■ Thus, another 
orbital ordered state is expected to be realized in LaTiOa. 

The neutron scattering measurements have shown that 
the ordered magnetic moment is 0.46 fiB in the stoichio- 
metric LaTiOs 15]. Since the spin-wave approximation 
for a three dimensional 5=1/2 model gives shrunken or- 
dered spin moments of 0.84 fiB, the observed moment 
is about 0.4 /i^ smaller. The origin of this shrinkage is 
unclear. The present NMR spectra show that the inter- 
nal magnetic field {H^^l at Ti nuclei is 92 kOe. {W^l is 
expressed as 
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TABLE I: The values of the parameters rmag, '"oi and k used 
for the NMR spectrum simulation based on the 1/V3{d^y + 
dyz + dzi:)-like orbital ordering model in LaTiOs. The esti- 
mated values of 1(25') | and \{L)\ are also listed. 
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0.29, 
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where rmag represents (r~'^)niag/(''^'^)Fi. The first term 
of Eq. (11) represents the Fermi contact field, the sec- 
ond the dipole field due to the electron spin moment, and 
the third the orbital field coming from the electron or- 
bital moment, /'mag x k is supposed to be 0.63 ^ 0.75, 
since the isotropic hypcrfinc coupling constant yljso (= 
— 159.7 X TniagK JkOe//is] ) by the Fermi contact interac- 
tion is generally given as —100 ^ —120 kOe/zisj^]. On 
the other hand, the ordered magnetic moment of 0.46 /is 
should correspond to 



\{2S + L)\= 0.46. 



(13) 



So, Eqs. (12) and (13) must be satisfied at the same time. 
This restriction is so hard that it makes a good test for 
the models of the electronic states in LaTiOa. As a rough 
estimation, if we assume that S and L are antiparallel, 
the orbital moment \L\ cannot exceed 0.29/rinag, since 
\kS\ is larger than 2/21]^ • q] in the present d^ case. 

As noted above, the NMR spectra of LaTiOa show 
that a certain amount of the Ti id electronic quadrupole 
moment is present. Mochizuki and Imada as well as 
Cwik et al. proposed that 3d electrons in LaTiOs oc- 
cupy l/y/?i{dxy+dyz-\-dzx)-^^^'^ orbitals and explained the 
physical properties of LaTiOa successfully ij jj| . This 
model is consistent with the present NMR results. So 
we simulated the NMR spectra assuming this type of or- 
bital state. We assumed that the magnetic moment is 
parallel to the a-axis^30]. Furthermore, we set A^so 
as —100 kOe//iB with the assumption that S and L are 
antiparallel. The resonance intensity was derived from 
the transition probability between the nuclear spin eigen- 
states. The result is shown in Fig. 2. The simulated 
spectra well explain the experimental data. Especially, 
the resonance frequency is completely reproduced, while 
the deviation of the intensity is seen for outside peaks. 
The used parameters are listed in Table L The id orbital 
states of Ti(l) - Ti(4) sites in LaTiOs are represented 
as adx 
and ad- 



xy 



bdyz—cdzx, adxy—cdyz—bdzx, adxy+bdyz+cdzx 
+cdyz+bdzx, respectively, where a^ + 6^ + c^=l. 
The four Ti sites give same spectra in the case of H"^ 
parallel to the a-axis. The orbital parameters are deter- 
mined as a— 0.565, b— 0.452 and c= 0.690, which are 
close to the results in Refs.l2 and 13. Figure 3 shows 
the orbital states in LaTiOa expected from these pa- 
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FIG. 3: Orbital states expected by the l/VS{dxy + dy;^+dzx)- 
like orbital ordering model in LaTiOs. The detailed represen- 
tation of the wave function for Ti 3d electrons is described in 
the text. 



rameters. It is important that is led from the elec- 
tron quadrupole moment with the reasonable parame- 
ters. The present wave functions and parameters give 
q^,^,^ -5.77, = 3.2 MHz, and rj = 0.49. The re- 

duction of r,„ag and from 1 partly originates from the 
hybridization between Ti 3d and O 2p orbitals, although 
the values of 0.57 for rmag and r^i appear rather small. It 
might be affected by the shielding effect of core electrons 
which can modulate the EFG from on-site d electrons 
by 10—20 Possibly orbital fluctuation might also 

contribute the reduction. The orbital magnetic moment 
fisL is estimated as 0.11 /is, which may be overesti- 
mated by the underestimation of Tmag- If we vary Aiso 
between —80 and —120 kOe/^B, estimated ^bL ranges 
from 0.05 to 0.15 /is. In order to be more accurate at the 
estimation of rmag and rd, more detailed analyses such 
as TiOe cluster model calculations will be needed. 

Some other approaches are taken to explain the 
magnetism of LaTiOs such as a strong spin-orbit 
interaction^, The degeneracy of j= 3/2 quadru- 
plet is lifted to two doublets by trigonal crystalline dis- 
tortion. The resultant ground states show magnetic mo- 
ment through hybridization with j= 1/2. Now we con- 
sider in the ground doublet a state which reproduces the 
observed magnetic moment of 0.46 hb parallel to the 
a-axis. This state exhibits an anisotropic orbital shape 
elongated in the (l,l,l)-direction with q^'z' ~— 5.0, which 
is comparable with the orbital ordering model0, lisj . 
while it gives rather large orbital moment ~0.44 /j.^. 
Based on this type of orbital state, the orbital magnetic 
moment would be expected to take 0.05 ~ 0.2 ^b from 
Eqs. (12) and (13) in the conceivable range of hyperfine 
coupling parameters Tmag and k. This fact seems to sug- 
gest that the effect of the trigonal crystalline distortion 
is rather large compared with the SO interaction as is 



pointed out by Cwik et al. 0] , and that some part of the 
reduced magnetic moment should be ascribed to other 
reasons. Mochizuki and Imada have accounted for the 
reduction by the itinerancy of the t2g electrons, i.e., the 
double occupation of up and down spin electrons in the 
t2g state 0. It seems to support this account that the in- 
crease of oxygen content gradually decreases the ordered 
moment and finally leads to a Pauli paramagnetic state. 

In summary, we analyzed the ^T^s^pj NMR spectra of 
LaTiOs. The NMR technique can evaluate the electron 
quadrupole moment q, i.e., the order parameter of or- 
bital ordering, quantitatively. The NMR spectra show 
that the electron quadrupole moment is rather large. It 
is supposed that LaTiOa takes an orbital ordering state 
represented approximately as 1/ ^/3{dxy + d 
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